Silicon Rich Oxide (SRO) has been considered as a material to overcome the drawbacks of silicon to achieve optical functions. Various techniques can be used to produce it, including Low-Pressure Chemical Vapor Deposition (LPCVD). In this paper, a brief description of the studies carried out and discussions of the results obtained on electro-, cathode-, and photoluminescence properties of SRO prepared by LPCVD and annealed at 1,100
Introduction
Silicon Rich Oxide (SRO) is a multiphase material composed of elemental Si, SiO 2 , and SiO x , with x between 0 and 2. DiMaria and coworkers distinguished between low and high density of elemental silicon (or silicon excess); films with low silicon excess were named "off stoichiometric oxide" [1] . Also, they did not find nanocrystals (nCs) in SRO annealed at 1,000
• C with a 5-6 % silicon excess. SRO can be obtained in different ways. However, (chemical vapor deposition) CVD and Si implantation into silicon oxide are the most common techniques. (Low-Pressure CVD) LPCVD is a simple method that easily allows varying the silicon excess [2] . In this technique, the flux ratio of reactive gases, Ro, is used to determine the silicon excess. Silane (SiH 4 ) and nitrous oxide (N 2 O) are commonly used:
It is known that Ro = 3 produces an excess of silicon of 17%, and Ro > 100 is used to obtain stoichiometric silicon dioxide [2] . In the case of SRO fabricated by silicon implantation, silicon excess is related to the implantation dose. SRO has been a matter of intense research due to its optical properties. SRO is totally compatible with MOS technology, and it has thus been used to overcome the limitations of silicon as an indirect material. DiMaria et al. observed emission of light by SRO for the first time [1] , and researchers have been finding practical applications for its properties ever since. Nevertheless, the number of applications is still reduced since the emission mechanisms are not completely understood. Nowadays, however, most of the authors accept that quantum effects in nanocrystals, and defects in the SiO x matrix, are responsible for the emission of light [3] .
Silicon nanocrystals have been commonly observed in high silicon excess SRO, higher than 10%. However, in LPCVD SRO, the highest light emission has been observed in films with silicon excess in the order of 5%, in which nanocrystals have not been observed [1, 4, 5] . Therefore, in low silicon excess the emission characteristics can be related to silicon, or silicon oxidation states, specifically to amorphous nanoagglomerates (Si nanopoints). Therefore, for low silicon excess SRO the dominant mechanism is not quantum confinement.
In this paper a review of our work on the different structural characteristics of SRO obtained by LPCVD is presented. Next, using experimental results of photo-, cathode-, and electroluminescence, a discussion of SRO emission mechanisms is presented. Finally, Donor-Acceptor decay is proposed to explain the emission mechanisms of the three excitation methods.
Experimental
All samples were obtained by LPCVD; the ratios Ro of reactive gases were 10, 20, and 30 (SRO10, SRO20, and SRO30), corresponding to approximately 12, 7, and 5% of silicon excess, respectively. A hot wall chamber was used, and the temperature was approximately 700
• C. After deposition, the samples were annealed at 1,100
• C in nitrogen gas for 180 minutes; however some samples underwent shorter annealing times; for these cases the annealing time will be indicated. In the following sections, references to our previous work are cited, and we suggest to the interested reader to refer to them to obtain more general details on experimental settings.
Results and Discussion
3.1. Silicon Excess. SRO silicon excess was measured by (X-Ray Photoelectron Spectroscopy) XPS and (Rutherford Backscattering Spectroscopy) RBS. Both techniques are used to determine the elemental composition of films. For more details on the characterization techniques, you can see, for example, [6] . With the RBS technique, Si can normally be detected up to 0.001%, whereas with XPS only to 0.1%. XPS can also be used to determine the Si oxidation states. Table 1 shows the compositional results of the SRO10, SRO20, and SRO30 samples (SRO with Ro = 10, 20, and 30, resp.). Note that only two samples were measured by RBS.
The microstructure of SRO films was studied analyzing the Si2p spectra, according to the Random Bonding Model [7] . The Si2p XPS peaks were decomposed considering the five possible oxidation states for silicon: Si, Si 2 O, SiO, Si 2 O 3 , and SiO 2 . Each oxidation state was fitted using Gaussian distributions, and the energy positions of the different peaks were centered with those previously reported in the literature at ∼99.8, 100.5, 101.5, 102.5 and 103.5 eV [8, 9] . The full widths at half maximum (FWHM) were allowed to vary within a small range [10, 11] . The relative concentration of each oxidation state was determined and is presented in Table 2 [12, 13] . Dong et al. [2] , using electron microprobe analysis, determined the silicon excess in as-deposited atmospheric pressure CVD SRO films. The reactant gases were SiH 4 and N 2 O, the same ones used in this study. For Ro ratios varying between 3 and 100, they found a silicon variation between 45 and 33%, respectively, which is 12 to 0 at.% Si excess. Based on the Dong results, it is accepted [4] that for APCVD and LPCVD (atmospheric and low pressure CVD, resp.) SRO films with Ro = 10, 20, and 30 correspond to silicon excesses of approximately 12, 7, and 5%.
The silicon excess results shown in Table 1 agree with those obtained by Dong. Hence, for the SRO films obtained by LPCVD with N 2 O and SiH 4 as reactant gases, silicon excesses can be taken as 12, 7, and 5 at.% for Ro = 10, 20, and 30, respectively. Additionally, comparable optical and morphological properties were observed for SRO with silicon excess in a specific range. So, a high silicon excess range can be defined for Ro < 10, or silicon excess higher than 10 %. The medium silicon excess range is defined for Ro between 15 and 35, or silicon excess between 9 and 3 at.%. Finally, the low silicon excess range, for Ro > 40, or silicon excess between 2 and stoichiometric oxide, is defined. Then, the high range of silicon excess is distinguished by SRO films that show a high density of large nanocrystals, high electronic current and low light emission. On the other hand, the medium silicon excess range has a very low density, or none, of small nanocrystals and intense light emission. At the other extreme, low silicon excess SRO behaves as a stoichiometric oxide.
Nanocrystal Structure

X-ray Diffraction.
(XRD) is mainly used to determine the crystal structure of solids, powders, and colloidal solutions. In our studies, XRD was used to determine if nanocrystals were embedded in the different SRO layers. Figure 1 shows the X-ray diffraction peaks for SRO films with different silicon excesses. For a high silicon excess, 12%, the nanocrystalline evidence is clear, whereas for a silicon excess of about 7% small peaks are still observed. However, for a silicon excess less than 6%, no crystalline evidence was observed [14] .
In [15] , an XRD study of films with medium to high silicon excesses obtained by (Plasma Enhanced CVD) PECVD and annealed at high temperature showed that as silicon increases, silicon nanocrystal density and size increase. However, for the smaller percentage of silicon in the film higher temperatures and longer times are needed to detect silicon crystals. This agrees well with our XRD observations, as shown in Figure 1 . For SRO10, high Si excess range, the (220), and specially (111) crystalline orientations are clearly observed. As the silicon excess is reduced from SRO10 to Figure 1 : XRD results for SRO film with different silicon excesses; high silicon excess, 12%, clearly shows a crystalline phase. As the silicon excess is reduced, nano-crystal density is reduced until it disappears. SRO20, the SiO 2 phase does not change, and the Si crystalline phase is scarcely observed. As the Si is further reduced, no evidence of any crystalline structure was detected.
Transmission Electron Microscopy. (TEM) observations
were also performed for SRO with Ro = 10, 20, and 30, and the images were used to corroborate the presence of nanocrystals in the SRO films. At relatively low amplification, the absorption of electrons in the material is enough to produce an image. However, at higher magnifications, phase contrast is required for (high resolution TEM) HRTEM, and small non-crystalline particles are not easily observed [16] . Figure 2 shows a TEM image and a diffraction pattern of an SRO film with a silicon excess of 12%; silicon nanocrystals are clearly observed [17, 18] . The nanocrystal sizes are between 2 and 10 nm, the average size is around 5 nm, and their density is around 1.0 × 10 12 cm −2 . However, for low silicon excesses, less than 6%, no nanocrystals were observed using high-resolution TEM. Nevertheless, using EFTEM, silicon agglomerates were observed for a 7% silicon excess, whereas for a 5% silicon excess not even these agglomerates were observed even though a silicon excess was corroborated by XPS.
Iacona et al. [19] have also done EFTEM studies on high silicon excess SRO obtained by PECVD. Their results show that after annealing a phase separation is observed, and crystals develop from amorphous homogeneous SiO x . Similar to our results for the high Si excess films, large nanocrystals are observed after thermal annealing; in the upper limit of the medium excess range some small nanocrystal are still observed, but as the silicon excess is reduced it is not possible to detect nanocrystals at all [18] .
Atomic Force Microscopy.
(AFM) surface images of SRO films were obtained for all the samples studied; the typical roughness is shown in Table 1 . Figures 3 and 4 show the AFM images and height profiles of SRO10 and SRO30. They look granular, and the grain size increases as the Ro is reduced, which indicates that the roughness should be proportional to the presence of silicon nanocrystals, as demonstrated by XRD and TEM. The roughness increases for the high Si excess films after annealing. For low silicon excesses, however, the roughness is reduced after thermal annealing [13] . This is an indication that after annealing, nanocrystals grow in high silicon excesses, while in the medium excess range formation of Si-O compounds takes place.
Molecular Analysis
Fourier Transform Infrared Spectroscopy. (FTIR)
gives information of the molecular absorption; therefore it allows the study of the fundamental vibrations and associated rotational-vibrational structure. SRO films show characteristic infrared absorption peaks associated with the Si-O-Si bonds in SiO 2 [12, 20, 21] . The FTIR absorbance spectra of SRO samples are pictured in Figure 5 (7) Si-O asymmetric stretching at ∼1170 cm −1 . In addition, (3) Si-H bending at ∼883 cm −1 , (4) Si-N stretching at ∼984 cm −1 , and (7) Si-H stretching at ∼2258 cm −1 bonds were also found in SRO samples [22, 23] . The inset in Figure 5 shows Si-N and Si-H bonding before and after annealing.
The as-deposited samples exhibit a characteristic IR absorption due to the stretching vibration of the Si-O-Si bonds around 1060-1055 cm −1 ; the absorbance and frequency of stretching vibration peaks decrease as Ro decreases. Figure 6 shows the behavior of the Si-O stretching peak frequency for samples with different silicon excesses. The frequency is lower than that for an SiO 2 film (1080 cm −1 ) and that of an amorphous a-SiO 2 film (1074 cm −1 ) because Si atoms replace O atoms [21] . This result is related to the offstoichiometry of SRO, which causes a decrease in the stretching frequency of Si-O as the x in SiO x decreases (silicon excess increases). For all samples, the stretching frequency increases after annealing for all silicon excesses, as also shown in Figure 6 . This result suggests a phase separation during the thermal annealing and an increase of oxidized compounds from the oxide phase. [21, 24] . The presence of some nitrogen and hydrogen characteristic peaks has been also observed in the IR spectra of our films. Si-H bending and stretching were observed only in as-deposited samples; these peaks disappear after annealing due to the high-temperature treatment. Si-N stretching was also found in both as-deposited and annealed samples. Having analyzed the LPCVD-SRO in the three ranges of silicon excess, there is enough evidence to suppose that annealing at 1,100
• C produces a phase separation of elemental silicon, SiO x , and SiO 2 . Depending on the silicon excess, the amount of each phase increases notoriously, as can be seen in Table 2 . It is clear that in the high range the quantity of elemental silicon is the highest, 11% for SRO10 and only 2% for SRO30. However, SiO x is as high as 54% for medium silicon excesses and only 40% for SRO10. The percentage of SiO 2 is similar for the high and medium ranges. It is clear then that two competitive morphological mechanisms take place during annealing; one is the formation of silicon agglomerates, and the other is the formation of silicon and oxygen compounds. If silicon excess is high enough, the silicon agglomerates will morph into nanocrystals. As Si is decreased, however, silicon oxidation states will dominate due to the larger separation between elemental silicon. As silicon excess increases, the SRO will tend towards a polysilicon layer; conversely, as silicon is reduced, the SRO film will move towards a stoichiometric SiO 2 . In between these extremes, agglomeration of silicon shifts towards the agglomeration of Si-oxygen compounds as the silicon excess moves from high to low silicon excesses.
Luminescence.
The low-temperature emission of light from electronically or vibrational excited species is known as luminescence [25] . Depending on the excitation, it receives different names; for instance, when the excitation energy is due to photons, the emission mechanism is called photoluminescence. When emission is produced by an electric current passing through the sample, Electroluminescence, EL, is obtained. Cathode-luminescence, CL, is produced when an electron beam is accelerated and implanted into the sample. Thermoluminescence, TL, arises when electrons trapped in a sample are released by heat and then recombine emitting light [26] . SRO obtained by LPCVD and annealed at 1,100
• C has shown PL, CL, EL, and TL [27] . Luminescence from samples can deliver significant information regarding the structure of a material; in the case of SRO, luminescence studies are particularly important, given the fact that these films are specifically seen as a lightemitting material. As mentioned previously, the first ones to observe luminescence in LPCVD SRO were DiMaria et al., but since then, Canham observed PL from porous silicon in 1990. The photoemissive properties of this material, along with those of others based in nanostructurated Si such as SRO, have been extensively studied since. Despite these efforts, no clear consensus has been reached regarding the origin of luminescence, but recently, it has been generally accepted that it is due to a combination of quantum phenomena and defect-related emission [1, [28] [29] [30] . Electro-and cathode-luminescence studies are more complex than PL, because carriers are injected to the material; therefore luminescence can be either due to relaxation of higher-energy carriers through radiative centers or due to the recombination of excitons formed by impact ionization by the injected carriers [31, 32] .
Photoluminescence (PL)
. spectra are obtained stimulating the samples with light in order to transfer energy to carriers that will later relax and radiatively recombine. The simple model proposes that recombination centers are distributed in the photoluminescent material, and these centers increase the probability of radiative recombination. The energetic distribution of such centers can be extracted when analyzing the emission spectra. The stimulation energy can also be varied in order to identify the absorption centers.
In this report, photoluminescence (PL) emission spectra were obtained pumping the samples with UV radiation with a wavelength of between 250 and 360 nanometers, measured between 400 and 900 nm. Absorption (or excitation) spectra were also obtained, stimulating the samples with light ranging from 200 to 400 nm and detecting the emission at a given wavelength. Figure 7 shows the emission spectra and Figure 8 shows the absorption spectra with the detector at 750 nm for SRO10, 20, and 30. Neither aged samples nor samples deposited at different times produce significant emission variations. In the as-deposited samples, there is practically no emission; only the SRO30 samples indicate a small emission in the range of 450 nm. Therefore, the discussion will be centered on the samples annealed at 1,100
• C for 180 minutes, and the small peak at 450 nm will be discussed later.
The highest emission is obtained from SRO30 samples; as demonstrated in the morphological details, these samples do not show evidence of nanocrystals, and rather they contain Si-O compounds. Hence, the emission can be attributed to the oxidation states or defects. It is possible that during annealing, the defects agglomerate forming emission centers; for example, emissions at 460 nm, 520 nm, and 650 nm have been related to oxygen deficiency-related centers (ODCs) or oxygen vacancies [12, 33] . Besides, it has also been demonstrated that the electronic characteristics in SRO are due to traps [34, 35] . Then, in the medium range of silicon excess, the photoexcited electrons will jump to the traps leaving a positive mirror charge behind, and the Coulombic attraction promotes the decay of electrons producing emission. Naturally, there should be an optimum silicon excess density that produces the maximum emission, and according to our studies, this is around 5% silicon atomic excess. On the other hand, as the silicon excess increases, more nanocrystals grow, and less traps are obtained. As a result, the emission is reduced and the conductivity increases. In the high excess Si range the conduction is by tunneling through nanocrystals Journal of Nanomaterials • C for the time shown in the legend, for an excitation wavelength of 270 nm. No significant peak shifts are observed with time or with silicon excess. [36] . In the nanocrystals the electrons will move in the conduction band, or they will nonradiatively recombine. Consequently, in the high range of silicon excess, most of the excited electrons will move, or decay without radiating, through the abundant nanocrystals, and only a few of them will find the rather scarce traps. Consequently, low emission is expected. In [37] the authors also propose that even for very small Si crystallites the bandgap remains indirect. Figure 8 displays the wide excitation spectra for SRO10, 20, and 30. It does not exhibit the expected absorption peaks and the blue shift of an excitonic absorption. The observation of nonexcitonic absorption spectra for Si nanocrystals has been also reported by other authors [38] .
Furthermore, from Figure 7 it is clear that as the Ro varies from 10 to 30, the SRO emission bands do not shift significantly to higher energies, as the size of the nanocrystals is reduced, notwithstanding the considerable size variation of the Si nanoagglomerates, crystalline, or not. However, in reports where emission is attributed to Si nanocrystals, wavelength shifts of hundreds of nanometers for smaller differences in the nanocrystal size have been experimentally corroborated [37, 39] . Additionally, a shift toward the blue side of the spectrum caused by different excitation energies has been reported. For example, in the study of nanocrystal PL emission in colloidal suspensions, green emission that shifts toward higher energies was observed when the incident photon energy was increased [40] , but the authors mention that the Wolking model cannot be used to explain their results [41] . Wolking proposes that, in the emission of porous silicon, carriers are trapped in silicon oxide bonds, which • C for 180 minutes.
explains the 2.1 eV limit energy in nanocrystals smaller than 3 nm.
Electroluminescence (EL)
. increases the energy of emission since electrons are injected into the conduction band and holes into the valence band, allowing band edge emissions. Therefore, electro-luminescence can be due to relaxation of higher-energy carriers through radiative centers [42] . Electro-luminescence was tested in devices having a MOS-like structure, using polysilicon as the gate electrode (Light-Emitting Capacitor, LEC). Polysilicon is transparent enough in the emission range of SRO [43] . EL in SRO obtained by LPCVD and annealed at 1,100
• C requires a high applied electric field and high currents, and thus these devices work close to the electrical damage point. Only devices that show high photoemission show electroemission; therefore, only devices with a medium silicon excess are suitable for EL. Figure 9 shows the EL emission spectrum of a capacitor with SRO30 as a function of applied voltage. Two peaks are very well defined; one centered at around 450 nm (blue emission), and the other around 700 nm (red emission). The peak intensity varies with the applied voltage; one shows a higher increment than the other, and a slight shift toward higher energies is observed. The spectrum of the one around 700 nm is similar to the one obtained with PL. Figure 10 shows the percentage of intensity of each peak to the total emission. Total emission was obtained simply by adding the peak intensity of the red and blue peaks in arbitrary units. From the figure it is clear that the percentage of red emission is reduced as the electric field increases, and the percentage of blue emission increases with voltage. That is, as the applied energy increases, the part of the emission corresponding to the blue range is practically the 8 Journal of Nanomaterials 400 500 600 700 800 900 Wavelength (nm)
Electroluminescence (a.u.) total emission (100%), and the red part is reduced towards 0%. This is corroborated when a very high energy is used, for example, in cathode-luminescence. The systematic variation of the spectra with energy indicates that the double emission is not due to the presence of singlets and triplets.
When electrons are injected into the SRO in the LEC, the charge is distributed among the cluster of defects, or Si-O compounds, which act as shallow and deep traps that behave as emission centers of low and high energy (red and blue), respectively. As it is known, the mobility of electrons in the SRO is very high compared with that of holes; it is then likely that the emission is due to electrons decaying into positive traps. The emission mechanism of an LEC is quite similar to that observed in organic light emitting diodes which also have a high distribution of traps [44] .
In the medium silicon excess range especially, when electrons are injected from one electrode into the SRO by an electrical potential difference, they move through the film to the other electrode, and, as known [35] , a fraction of them will be trapped. As the current increases, trapped electrons will block the conduction paths. Trapped electrons accumulate and consequently decay towards empty positive traps, in a similar fashion as the donor-acceptor pair decays in semiconductors [45] . The higher the applied voltage, the higher the energy driving the electrons is, and then the deep traps are reached, and more energetic photons are emitted.
From the morphological point of view in the medium Si excess films, the agglomerates of defects are constituted by compounds, which require different, higher or lower, energy to be excited. Then, at low electric fields, or using UV radiation, most of electrons will be trapped at lower energies, Figure 10 : Percent of the total intensity emission of the blue and red peaks of Figure 9 ; the red emission tends towards 0 as the electric field increases and the blue emission tends to be the only one at high electric fields. The total emission was obtained adding the two peak intensities in Figure 9 .
producing emission mainly in the red side of the spectrum, as shown in Figure 9 . As the applied energy is increased, more energetic compounds will be excited, or electrons are trapped in more energetic states, and when they relax, the blue emission becomes dominant. Clearly, to obtain electroluminescence in LECs made of SRO obtained by LPCVD and annealed at 1,100
• C three conditions have to be met: the density of Si-O compounds has to be high, the energy applied to the LEC has to be high enough to reach the different energetic states, and there must be a high injection of carriers from one electrode to produce agglomeration of electrons in the conduction trajectories in the film.
Cathode-Luminescence. (CL) is obtained when light is produced using a beam of high-energy electrons. CL is a technique that normally leads to emission by all of the mechanisms present in the material, and then CL, PL, and EL can be compared to complement the information in order to have more details of the emission properties of luminescent materials [46] .
Cathode-luminescence spectra were obtained under different bombardment conditions. Figures 11 and 12 show the cathode-luminescence spectra of SRO10, 20, and 30 before and after annealing at 1,100
• C for 180 minutes. As can be observed, the CL spectra of the as-deposited samples are similar to those of PL, and only emission at around 450 nm is observed for SRO30 films. From CL and PL results it can be inferred that no other but blue emission centers are present in the as-deposited samples. Because there are not any more centers, no competition takes place, and even when UV radiation impinges on the samples, blue emission is obtained. When the silicon excess shifts towards higher-density ranges, the amount of blue centers is reduced and emission is quenched.
Journal of Nanomaterials On the other hand, after annealing, more blue and red centers are produced, and emission in the red side increases. For PL of SRO30 and 20 the photoelectrons will only reach red centers, and red emission becomes dominant. However, more energetic cathode-electrons will reach both blue and red centers, causing emission of both colors, with blue dominating.
As already mentioned, the annealing produces a phase separation that agglomerates Si-O compounds and its density increases until an optimum is reached, corresponding to the medium density silicon excess films. This is particularly clear in Figure 12 ; in SRO10 low CL emission in red and blue is obtained, showing a slightly higher peak in the red side than in the blue, which means that red and blue density centers are comparable. As Ro increases towards SRO20, the emission in the blue side clearly shows a higher increase than red emission, indicating that the quantity of blue centers was increased at a higher rate than the red centers. Since the density of blue centers is not very high, the cathode electrons are shared between both the blue and red centers, producing both emissions. When SRO30 was excited with high-energy electrons, the blue emission became completely dominant. As a consequence of the higher density of blue centers that appears after annealing, the blue centers collect more of the high-energy electrons and only a few reach to the red centers.
Since different equipment and arbitrary units are used, it is not possible to compare the CL and PL emissions directly, but this could be a method to determine the density of emission centers. On the other hand, due to the fact that no UV emission was observed in CL, in spite of the very high energy used, it is evident that no UV centers are produced in the SRO films. Figure 13 compares the most representative PL, CL, and EL normalized spectra. A blue shift clearly occurs as the excitation energy increases, and emission centers of a wide color • C for 180 minutes.
spectra (from 450 to 850 nm) are observed in the SRO films obtained by LPCVD and annealed at 1,100
• C. Therefore, 450 to 850 nm emission centers evolve with the annealing. As implied in Figure 12 , for SRO30, the density of blue centers is the highest. Then, as can be observed from CL, PL, and EL, the as-deposited SRO30 film already presents blue emission centers, and after annealing many other centers evolve specially in the medium Si excess range; that is, the density of blue centers increases, followed by the density of red centers. However, the density of green centers of around 550 nm is the smallest one.
From Figure 13 , it is also clear that when the energy increases, high-energy emission centers are reached; however the density of such centers limits the emission. Then, CL for SRO30 emits basically in the blue region because the blue center density is the highest. As the silicon excess increases, the density of blue centers is reduced and blue and red emissions compete, as in the case of CL in SRO20. Correspondingly for EL, red and blue emissions compete as a function of applied energy. At low voltages, low peaks of similar intensity of both colors are observed; however when the voltage is increased, a clear blue shift is observed and the blue emission increases more than the red one. PL, on the other hand, is pumped with relatively low-energy photons, producing lowenergy photoelectrons that cannot reach the high-energy blue centers, and emitting only in the red part of the spectrum. Then, blue-to-red emission of different intensities can be observed for the medium silicon excess range.
In the high-density range, as for the SRO10 films, the emission centers barely develop. Consequently, for this range almost no emission is observed. Therefore, the light emission in SRO annealed at 1,100
• C will be a function of the excitation energy and silicon excess. Therefore, a specific color emission can be selected as a function of the applied voltage exploiting EL. Wavelength (nm) CL, PL, and EL-luminescence (a.u.) Figure 13 : Normalized electro-, cathode-and photoluminescence of SRO with more representative silicon excesses. CL is shown for SRO20 and 30, PL and EL is shown for SRO30, and EL is shown for three different voltages.
Conclusions
Structural and emission properties of SRO films, of high and medium silicon excess density, obtained by LPCVD and annealed at 1,100
• C were studied. Three ranges of silicon excess were defined, in which the SRO shows similar characteristics. After annealing, the high-density range is characterized by the agglomeration and crystallization of elemental silicon, so its characteristics are dominated by nanocrystals, with more conductive paths and lower light emission. Medium Si density is characterized by a high number of Si-O compounds that act as emission centers, and then light emission is easily stimulated. Additionally, the SRO emission spectrum is wide, in the range from 450 to 850 nm. The emission depends on excitation energy and on the density of Si compounds (or silicon excess). The highest emission was obtained for SRO with a silicon excess around 5 at.%. The excitation with low-energy UV radiation only produces photoemission in the red side of the spectrum; when the energy is increased by an electric field (electroluminescence) or a beam of high-energy electrons (cathodeluminescence), emission in the whole range is presented. As the excitation energy increases, the emission shifts towards the blue side of the spectrum. Then, the emission wavelength can be selected as a function of applied energy, but presenting a minimum around 550 nm.
